Equipment and techniques employed in an airborne far ir (80-400 i) spectral measurement of the solar brightness temperature are described, with particular attention paid to the scanning Michelson interferometer and the radiometric calibration. The airborne performance of several telescopic guiding systems, a liquid helium cooled bolometer, and golay cells are discussed, summarizing experience gained on twenty-five jet aircraft flights.
Introduction
Two factors have kept the far ir unexplored in astronomy until the last few years: the atmosphere, which is essentially opaque to radiation in this region (25-1000-,u wavelength) and second, the lack of sensitive detectors. The recent development of the germanium bolometerl and the utilization of observing techniques which carry observing equipment above the absorbing atmosphere have brought about a new surge of interest in the region, and some new and important results in astronomy. 2 -6 The chief atmospheric absorber in the far ir is the water molecule-so effective in absorption that a layer 1 mm thick is almost opaque from 25 u to about 600 A. Since the atmosphere above the driest ground observatory contains about this much or more water it follows that quantitative astronomical measurements in this spectral region must be made above the surface of the earth. Between 600 pu and the millimeter range the atmosphere again opens up in transmission, allowing the use of ground-based far ir equipment.
Astronomical measurement between 25 pi and 600 pu, impossible from the ground, is feasible from jet aircraft altitudes. In the vicinity of the tropopause, where precipitable water is 1-10 A, the average transmission in this spectral region is 50%-90%.7 At balloon altitudes the far ir transmission is complete. ' There are obvious advantages of the aircraft platform over a balloon, rocket, or satellite. ability of the experimenter to go along with the experiment, to observe, select, monitor, and control. Other advantages are shorter time and smaller cost in preparing and mounting a sophisticated experiment. These must be weighed against the disadvantage of incomplete atmospheric transparency and, in most cases, the inconvenience of observing through an aircraft window. These disadvantages can be overcome in most applications by careful observing technique: differencing source and sky signals to cancel window radiation common to each, and utilizing adequate spectroscopic resolution to identify and allow correction for atmospheric effects.
The High Altitude Observatory has operated equip- The primary signal was detected by a cooled germanium bolometer. Observing procedure was to make an interferometric measurement of the sun, then by means of an auxiliary mirror, move the incoming beam off the sun in azimuth to make an interferometric measurement of the sky radiation near the sun in the solar almucantar.
B. Optical System
The optical system is shown schematically in Fig. 1 .
The portion within the aircraft cabin is mounted on a machined vertical plate, about 1.5 m X 2 m, which serves as an optical bench. The pressure seal between cabin and ambient atmosphere is window w, of twinned crystalline quartz, 7 mm thick and clear aperture 70
mm. Fixed mirror Ml and movable mirror M 2 lie outside the aircraft. For solar observation these exterior mirrors are positioned with faces parallel so that the nominal direction of observation is a vector parallel to but offset from the window normal (650 elevation).
Adjustment of M 2 moves the observation vector within a limited range in elevation and azimuth, always maintaining normal window transmission. In this way alternate observations of sun and sky are possible during the time that the aircraft is on a constant "solar"
course.
There are three modes of operation, determined by positions of M 2 and the heliostat mirror M 3 . For observing the sun (Mode A) or the sky (Mode B) the heliostat mirror is in the position shown in Fig. 1 . In these modes a two-axis gyro system stabilizes M 3 to maintain the exit beam on an aft-going axis parallel to the centerline of the aircraft, compensating for aircraft motions in roll and yaw. Mode C is a calibration mode, described below.
The beam is modulated at 30 Hz by a Lucite chopper c, 255-mm diam, gold coated on both surfaces. During the half cycle when the chopper interrupts the beam from M3 the interferometer receives radiation from the blackbody, bb, collimated by off-axis parabola M 6 -A beam splitter s of Mylar 6 pu thick directs part of the incoming visible beam to a guide telescope e. Interferometer entrance aperture a is the limiting aperture in the optical system; it is covered with a filter of three layers of black polyethylene, each 76 , thick. Mirror M 4 receives the collimated, exit rays from the interferometer (described in Sec. II. C) and focuses them on the bolometer field lens. Flat mirror M5 is roughened for visible and near ir rejection by scattering; with the black polyethylene at a and the quartz window the combined rejection was measured to be about 106 for wavelengths shorter than 3.3 .
A cooled crystal quartz field lens (7-mm diam, f/2) within the bolometer b forms an image of entrance aperture a on the bolometer detector. For all wavelengths diffracted images of the sun, sky, and radiometric reference sources brought to focus by mirror M 4 are larger than the bolometer field lens on which they are formed; the half-power width of the 4 0 0 -,g solar beam is, for example, about twice the lens aperture. The angular dimension of the blackbody beam is the same as for the sun and hence diffraction has no effect on solar radiometry. This is not the case when an extended source such as the sky is chopped against the blackbody (Mode B). All mirrors in the system (except M,) were optically polished and surfaced with gold. The reflectivity of the newly deposited gold surfaces was measured at 337,p to be 99 zf 1%. Degradation of about 6% in the reflectivities of exposed mirrors M and M 2 occurred Over-all length is 47 cm.
during the two weeks on the aircraft, due to plainly visible salt-air corrosion of the surfaces. For the new surfaces, neither the gold coating nor the optical polish made a significant difference in reflectivity; we measured the reflectivities at 337 of a number of surfaces for comparison with gold: evaporated aluminum, polished aluminum, milled aluminum, and turned aluminum all had reflectivity greater than 96%.
C. Interferometer
The Michelson interferometer is shown in Fig. 2 . The two mirrors are gold-coated flats, 68-mm diam. The movable mirror is advanced by a push rod acting against Negator (noncumulative force) springs, * and driven by a pulsed Slo-syn motort through a conventional tubular 1-in. (2.54-cm) micrometer. The interferometer was advanced in steps of 9 .525-p mirror travel (1 9 .05-u path difference) per step. Signal integration was about 90 msec at each of the 1328 points sampled in each interferogram.
The actual procedure was to advance the micrometer eight times per second, waiting briefly for mechanical rest before recording digital signal values. The mirror was advanced 12.6 mm in 166 sec for each interferogram. Figure 3 shows a portion of a solar interferogram taken on the flight of 7 August 1968; the complete interferogram extends to about 10 mm on one side of the principal maximum and was recorded for a limited range on the other side to allow determination of phase offset, as explained in Sec. IV.
The interferometer uses a readily replaced beamsplitter holder, of clear aperture 110 mm. The beamsplitter used on the August 1968 flights was electroformed nickel mesh, 12 thick, with grid spacing 127 ; it was chosen to maximize interferometer efficiency in the 4 00-A wavelength region.' 2 The use of Mylar beamsplitters is generally more common in the far ir, because their efficiency remains high over a broad spectral band. Our experiments with Mylar beamsplitters in the laboratory indicated that they were much more responsive than metal mesh to acoustic noise of the type generated by mechanical vibration in an aircraft. This was confirmed in flight by visual observation of constant vibration of the mylar beamsplitter used in the guide telescope beam.
The interferometer, and the entire optical system, were aligned before each flight with a visible laser.
Evidence of the good interferometer alignment achieved is found in the symmetry of the interferogram (Fig. 3) .
There was no apparent degradation of alignment or of overall interferometer performance in the air, in spite of the increased vibration environment and the rather severe shocks experienced by the apparatus on takeoff and landing.
D. Detector
The primary detector is an f/7.7 gallium-doped germanium bolometer § cooled to 2.2 K by liquid helium. The dewar was filled before takeoff and pumped down before observations began. Hold time at 2.2 K depended very much on the amount of helium in the dewar at the start of pumping and on the pump-down rate; it varied in practice from 4 h to 8 h. Noise equivalent power of the detector was 9 X 10-14 W Hz-1 when used at f/13. The lambda point of liquid helium occurs near 38-mm mercury pressure, and bolometer sensitivity remains a function of temperature and hence of helium vapor pressure below this point.
The dewar was kept at constant pressure 21 mm with manual control of manifold valves to the vacuum pump. Pressure was maintained to an accuracy of better than 4-0.5 mm, corresponding to a change in bolometer sensitivity of less than 0.8%. Pressure fluctuations within this range were long term, requiring very infrequent adjustment of the vacuum valves.
The bolometer system consists of two independent detector channels, separate in wavelength response but attached to a single dewar. Each channel contains a quartz field lens, germanium detector, load resistor, and preamplifier. The division into separate channels was made to optimize detector efficiency over the broad spectral bandpass of the system (80-400 ), which was determined primarily by aircraft window transmission and interferometer beamsplitter efficiency. The division was made at a cooled (2.2 K) mesh beamsplitter ( 6 0-pu grid spacing, 12-mm diam) within the bolometer.
Wavelengths shorter than 100 were transmitted with high efficiency by the mesh to a bolometer channel of cutoff frequency 1 kHz, thermal conductance 50 puw/K and NEP = 3 X 10-'s W Hz-X; longer wavelengths were reflected to a higher gain channel, cutoff frequency 40 Hz, conductance 7 W/IK and NEP = 9 X 10-14 W Hz--i. A higher sensitivity in the long wavelength channel was possible because of the reduced effect at long wavelengths of the 300 K instrument background. System transmission optimized the two channels at 60 pu and 300-400 , respectively. The dual bolometer was operated without serious difficulty, although the signal in the short wavelength channel was relatively weak because the choice of interferometer beamsplitter favored the long wavelength channel. Low noise preamplifiers (type 8056 nuvistors) of gain 30 are attached to the bolometer, followed by PAR Type A preamplifiers and M\odel HR-8 phase-sensitive amplifiers. *
The pneumatic detector used in the total power reference channel is a LUFT Type, quartz window, capacitive Golay cell,t developed for rocket and space -(Sblackbody + Sinstrument), (2) where the signal S in each term includes transmission loss between source and detector -necessary since the optical system was not evacuated. The apparatus is designed so that path lengths are equal in the primary and reference (blackbody) paths so that the term Atmospheric transmission a was determined by analysis of the spectra obtained. 7 The quartz window transmission, A3, was measured with the interferometer, and, independently, with a laboratory grating spectrometer. Results of the two methods agreed to within the accuracy of the measurement (1%) and are shown in Fig. 4 . As a check, the absorption coefficient kx was computed for 3 0 0 -pi wavelength from the transmission given in Fig. 4 . Allowing for reflection losses for index of refraction n = 2.115,'3 we obtain A check for possible polarization effects in the window was made using a polarized 337-,u HCN laser beam.
No polarization was found within the limit of measurement (3%).
The transmission gain product yG was determined in flight and on the ground by a calibration measurement (i\lode C) in which the difference signal between the blackbody and a liquid nitrogen reference bath was recorded. This was done by moving the heliostat mirror (see Fig. 1 ) so that IC = (SLN, + SI) -(Sbb + S2), (4) where SLN 2 is the signal from the liquid nitrogen reference and Si and S2 are the instrumental signals (emission of mirror surfaces and air path) in the two beams.
Expanding the liquid nitrogen and blackbody signals gives wavelength using the reflectometer previously decribed. Measured specular reflectance was 43% -2%.
From the total reflectance we determined the emissivity of the geometrical cavity to be 0.99 0.005, using the deVos theory.
1 ," 6 The rather high specular reflectivity found at 337 u for the anodized stainless steel is in contrast to the matte finish of the material in the visible. Obviously, careful choice of cavity geometry is necessary to insure a blackbody of high emissivity in the far ir.
The net error in the solar brightness temperature determination was approximately 6%; a complete discussion of the sources of this error appears in Ref. 11 . (5) where T is a radiating temperature, e emissivity, R783 the product of reflectivities of mirrors M 7 , M8, and M13, R 6 C the product for mirror M 6 and the chopper C, and where y and 72 represent the instrumental transmission in the two beams, from source to chopper. To a good approximation y = 2 = -. Hence,
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IC = (TLN 2 CELN2R783-,yG + S) -(TbbEbbR6CY2G + S2),
where we have defined o-= S/yG. Equation (6) simplifies to IC = yG ( -TEIIR 6 C), (7) where e = TLN2 eLN, R 7 8 
0 will be called the stray term. It would be ideally zero if the reference bath were at 0 K and if the instrumental radiation of the two Mode C beams were equal. The product yG and the stray term 0 were determined by making Mode C calibrations at two blackbody temperatures, since Tbb, bb, and R 6 C were known. There was no need to determine explicitly TLN, and the other terms making up 0 in Eq. (8) . On the 7 August flight yG varied with wavelength from 0 to 4, depending on instrumental attenuation, and 0 = 118 i 2 K.
Tiirror reflectivities were measured at 337 p using a reflectometer built for this experiment and used with the HCN laser at the Environmental Science Services Administration, Boulder. Repeated measurement allowed an accuracy of slightly better than 1% in reflectivity.
The reference blackbody* was a conical cavity, full apex angle 50.72, aperture diameter 1.9 cm, made of anodized stainless steel. It was operated at 700 K with uncertainty := 2 K, including errors of temperature stability, uniformity along the cone, and absolute calibration. The absolute temperature calibration was checked with a calibration thermocouple. The total reflectance of the blackbody surface material (a sample provided by the manufacturer) was measured at 33 7 -p
A. Aircraft Stability
A high performance commercial jet aircraft has a high frequency vibrational environment more severe than most cushioned passengers realize. In a series of flights on the CV-990 in 19669 we recorded the high frequency vibrational spectrum in the error signals from a 2-axis gyro guiding system, and found a dominant, broad peak at about 3.5 Hz, apparently associated with turbulence, with rms amplitude equivalent to a pointing error of about 10 sec of arc. Other, higher frequency components were also apparent. The measurement was made on our apparatus at a station about midway aft in the fuselage; the spectrum may be considerably different at other locations, with other mounting and load configurations, and most certainly in other aircraft.
The low frequency stability is determined by the aircraft autopilot performance and on the CV-990 is regularly recorded on a three-axis rate integrating gyro system, hence it is meaningful to talk of typical performance. Nominal autopilot performance is 
4-6 t412
It is not unusual to encounter conditions which are considerably less favorable; our experience has been that the 5-sec "Dutch roll" component is more typically 2 in roll and yaw. In any case this strongly periodic feature is always present even under the best conditions.
B. Airborne Telescope Guidance
For the 1968 far ir measurements we used the NASA Ames Research Center heliostat-a general purpose pointing system developed for the NASA CV-990. High speed integrating gyros mounted on a single, large front-surface mirror sense aircraft motion in two orthogonal coordinates and provide error signals for its proper positioning. The system is capable of maintaining an optical beam fixed in two coordinates to about 4 10 see of arc rms when properly counterbalanced and adjusted. The mirror correction angle needed to maintain a fixed exit beam in each coordinate is exactly one-half the aircraft error angle sensed by the gyro in that coordinate. Hence the system is not inertial and requires nearly continuous driving voltage to the mirror torque motors. Moreover proper operation of a heliostat system of this sort requires careful alignment between heliostat and subsequent apparatus to insure that the exit beam taken from the driven mirror is collinear with one of the gyro axes and perpendicular to the other. A misalignment 0 in one coordinate will result in a guiding error = sin, where is the aircraft error motion in that coordinate. For typical roll and yaw motions of 1 this requires instrument-toheliostat alignment of better than -t 5 min of arc in each of two axes if this error is to be kept negligible in heliostat performance-a rather severe requirement when the difficulty of mounting airborne apparatus is considered.
The HAO experiments on the CV-990 in 1966 and 1967 used instead a direct gyro-guided telescope. Although less versatile and adaptable, a completely gimbal-mounted, gyro-guided telescope is a superior system in guiding performance since it is completely inertial. Unlike the heliostat system, correction angles are exactly equal to aircraft error angles. Error angles result only from imperfect balance and imperfect bearings, and since these can be made nearly perfect the error signals are smaller and much less continuous than in a heliostat system. A completely frictionless and perfectly balanced inertial telescope would require neither gyros nor drive motors to remain fixed in space. Moreover the installation of an inertial telescope is much easier since there are no constraints on axis positioning. A gyro-guided, inertial telescope of this sort was first developed for the CV-990 by Dunn of the Sacramento Peak Observatory.' 7 The HAO telescope (21.6-cm aperture) was guided in two axes to better than 3 see of arc rms over periods of several minutes at the 1966 eclipse flight, the limits being set by longterm gyro drifts.
Manual guiding of airborne telescopes has been used by many experimenters on the CV-990 and other research aircraft, with accuracy of 1-5 min of arc rms depending upon flight conditions and observer training. The Los Alamos Scientific Laboratory has developed a hybrid gyro-photoelectric airborne tracker which performed on their 1966 eclipse flight to about 10 see of arc.
C. Bolometer Performance
In adapting the germanium bolometer for use in the CV-990 we encountered serious and unexpected detector noise due to two causes: mechanical relaxation in the vacuum pumping system and vibration-induced noise in the bolometer leads. Characteristic of the former was a pronounced oscillation in detector output which set in at a pressure just above the lambda point of liquid helium; the waveform was that of a relaxation oscillator. This phenomenon, apparently caused by uneven pressure in the pumping system, was cured by adjusting the lengths of the two sections of vacuum hose between the cryostat, pressure-valve manifold, and vacuum pump. The vibration-induced detector noise appeared when airborne as a steady buzz on the output signal. After several flight attempts it was found that the bolometer signal leads, normally held to the cryostat base with shellac, were loosened by mechanical vibration on takeoff. In the final successful flight this noise source was eliminated, after resecuring the leads, by the simple expedient of holding the bolometer-cryostat on our lap on takeoff and landing. The magnitude of the far ir solar signal developed in the bolometer depends upon many factors: the emission of the sky, window, and instrument, as well as the spectral bandwidth and throughput.
Solar and sky signals will in general be of opposite sign with respect to the blackbody used as the chopper reference. As the blackbody reference temperature is raised, the solar signal will decrease as the sky signal increases. The absolute difference between solar and sky signals will diminish as sky and window transmission decrease. For the system used in the 7 August 1968 flight (blackbody temperature 700 K) solar and sky signals were in the ratio 2.2:1 and of opposite sign. Since in the data reduction process we subtract sky from solar signal it would have been ideal to have the two signals more nearly equal in absolute magnitude, which could have been accomplished, had sky conditions been known, by operating the blackbody at about 900 K. The actual operating temperature was chosen well before takeoff since the blackbody required a warmup time of several hours.
The excellent performance of the bolometer as an airborne far ir detector is in striking contrast to our experience with a pneumatic far ir detector* on our far ir aircraft experiment in 1967.10 The bolometer is far superior in both detectivity (10-3 vs -10-' W Hz-l) and in freedom from microphony. In October of 1967 we conducted a series of tests on CV-990 flights to evaluate the airborne performance of five selected Unicam SP50 Golay cells. As expected, we found all samples extremely sensitive to microphonic noise of the type prevalent in the aircraft near the chopper frequency of 20 Hz. There were significant differences between Golay cells in their sensitivity to vibration, unrelated in our sample to differences in detectivity on the ground. One of the five with high ground detectivity was almost impossible as an airborne detector. Microphonic response was, in all cells, a definite function of orientation; it was always maximum (worst) * Unicam Instruments Ltd., Cambridge, England.
when the Golay membrane was perpendicular to the vector of predominant aircraft vibration. When oriented to minimize this effect the cell least sensitive to vibration still produced noise in the air of a level approximately twice that found on the ground.
D. Instrumental and Atmospheric Absorption
An ideal airborne far ir system would be evacuated from window to detector to eliminate instrumental air path adsorption and acoustic vibrations. Practical problems of installation make this a difficult solution for complex apparatus.
In our 1968 system there remained an unevacuated but enclosed path of about 0.7 m between window and chopper, and an additional 2 m in the remainder of the system. We attempted to control the instrument environment by enclosing the entire system in a semirigid plastic enclosure into which a continuous flow of dry gaseous nitrogen was passed, at a rate adequate to replenish the instrument air volume every 30 min. A liquid nitrogen cold trap (the calibration reference bath) was also present in the enclosure. Analysis of calibration spectra taken in flight showed that about 1 of water per meter path remained in the system in spite of the gaseous nitrogen purge. This is almost exactly equivalent to the water contained in the controlled cabin environment (pressure 7.2 X 10-l atm, temperature 300 K, relative humidity -5%).
The residual water remaining in the instrument was of the same magnitude as that between aircraft and sun. began. During observation these surfaces were in direct solar radiation. It would seem unlikely for any water to remain under these conditions. Moreover the window, which was optically clear crystalline quartz, was checked visually before observations began for evidence of water. The same check would have detected condensed water on the inner surface, which was exposed to a steady flow of gaseous dry nitrogen.
IV. Data Reduction
Interferograms obtained with the apparatus were reduced to spectra post facto by Fourier transformation. Although Fourier transform spectroscopy is well known, practical reduction methods vary and we summarize here the technique we employed. Let A be the path difference in the two beams of the interferometer, so that the interferometer output is
where B(v) is the spectral input distribution and v the wavenumber. If the interferometer is perfectly aligned the interferogram is symmetric with respect to A = 0 and the spectrum may be recovered from the input as
In practice an interferogram is recorded only for 0 < A < Ama, and the spectrum has a cutoff due to filters, etc., at vmax. To obtain resolution 6v requires a path difference of at least Amax = 123v. (11) Moreover to insure no loss of information the minimum sampling step is at most 3 = 1/ 2 vma.
The minimum number of sampling points is then
In our far ir system 3 = 19.05 p and Pma = 262 cm-'. In reducing the data we used the CooleyTukey" fast numerical Fourier transform method with N = 1024 and ma = 1.95 cm, giving a maximum theoretical resolution v = 0.256 cm-'. Since the interferometer was driven in steps it does not necessarily follow that the interferogram was sampled at A = 0, and some method is required to establish the locus of this point and its intensity I(A = 0). We used a method described by Connes and Connes' 0 : the interferogram is sampled between -A 0 and + Amax, with A 0 << Amax. In our case (14) From the complete set of sampled points a new set offset by the amount a just computed is then created by interpolation with the function sinxlx. The interpolation will not modify the information content of the sample since the interferogram is a band-limited function. 21 The asymptotic value of the new data set is taken as the unmodulated component of the interferogram and subtracted from each point, after first verifying that the asymptote was equal to half the ordinate of the central maximum of the interferogram-i.e., that there was no near ir leak in the system. Finally the new data set I(A) is multiplied with a linear (triangular) function T(A) = -(A/max) (15) to apodize the instrumental profile." The cosine transform is then performed on the CDC-6600 computer, with output spectra plotted on a CRT display and stored on microfilm and magnetic tape. points the apparent solar temperature was less than the blackbody temperature. Figure 5 is an example of the output spectra from the flight of 7 August 1968, taken with the sun as a source. A complete discussion of the spectra including line identifications and interpretation may be found elsewhere.
